CO? partial pressures in the atmosphere and in surface seawater have been measured in the equatorial Atlantic Ocean during Programme Français Océan-Climat en Atlantique Equatorial cruises extending from July 1982 to August 1984 along the 4"W, 22"W, and 35"W meridians. Gas transfer coefficients based on recently reported field data combined with information deduced from wind tunnel experiments are used to compute the CO, fluxes. The global mean net flux between 5"N and 5"s is equal to 1.05 mmol m-, d-' and is from the ocean to the atmosphere. The escape of CO, increases strongly from the east to the west and is always lower in the north than in the south. The importance of wind speed, p C 0 , in atmosphere, PCO, in surface seawater, and temperature on the flux variability is discussed. The relative influence of the equatorial upwelling on one hand and of the advection and warming of surface waters on the other hand is studied in order to explain high partial pressure in seawater.
INTRODUCTION
It is well known that the ocean plays an important role in the atmospheric cycle of carbon dioxide because it can take CO, from the air, thus reducing the increase of atmospheric CO, mainly due to the combustion of fossil fuels. About half of the anthropogenic carbon dioxide remains airborne, the other part being mainly absorbed by the ocean.
The whole ocean is not homogeneous, and the different oceanic regions do not have the same capacity to absorb a portion of the atmospheric CO,. Globally, the high-latitude surface waters are considered as a sink for the atmospheric CO,, and the upwelling waters in the low and middle latitudes are considered as a source.
During the cruises of the Programme Français Océan-Climat on Atlantique Equatorial (FOCAL) [Hénin et al., 19861 we have measured the CO, distribution in the ocean and in the atmosphere over the tropical Atlantic belt during 3 successive years extending from July 1982 to August 1984. We present data for three northern summer and two northern winter (i.e., cold season and warm season) situations in order to study the interannual and seasonal variability of the CO, fluxes and the reasons for this variability.
METHODS
The measurements of CO, partial pressures in air (PCO,) and in seawater (PCO,) are carried out by infrared adsorption with two ADC 225 MK3 analyzers [Oudot et Andrik, 19861. Each analyzer operates in a differential mode: the reference cell is always swept by an air stream with a known CO, concentration. Calibration of the CO, concentrations of the
Meusurenient of PCO, in Seawater
The measurement of CO, partial pressures in seawater is accomplished by equilibrating an air stream with the seawater sample according to a method derived from Takaliashi et al. [1976] . Water samples are drawn from 5-L Niskin bottles into 550-mL volumetric flasks which serve as equilibration vessels. Just after sampling, the flasks are immersed in a 25.00"C thermostated water bath. The air-seawater equilibration is accomplished in the sampling flask by circulating an air stream through a gas dispersion tube immersed in the seawater sample. During the equilibration the air flows in a closed circuit through the loop (25-mL volume) of a sampling valve. After 2 min of recirculation the pump is stopped to obtain the ambient barometric pressure in the equilibration circuit. The sample is injected into the reference air stream and is dried through a P,O, column prior to introduction into the analyzer.
T o determine PCO, (in microatmospheres), the CO, concentration of the equilibrated air is recomputed to a watersaturated basis using the vapor pressure of water in seawater at 25°C.
The CO, partial pressure is then converted to the "in situ" temperature of the sample using an empirical relationship determined experimentally in the laboratory as follows: log PCO,(,, = log PCO,(,, + (T, -T,) [Skirrow, 1975; Smethie et al., 19851 . The precision of the PCO, measurements in the groundbased laboratory is f1.7 patm (k0.5%). At sea, owing to the vibrations from the ship's engines and the sea conditions, the experimental uncertainty is higher: & 3 patm (0.8%-1.0%).
Total Concentration of CO, in Seawater
Total CO, concentration (E CO,) is measured by gas chromatography using the Oudot and Watithy [1978] method after acidification of the water sample. Helium is used as the gas vector.
CO, EXCHANGE COEFFICIENT AND FLUX CALCULATION
The CO, flux between the ocean and the atmosphere is given by
where k is the CO, exchange coefficient (or transfer velocity, or exchange rate, or "piston velocity") [Liss, 1973; Broecker aiid Peiig, 19741 , S is the CO, solubility in seawater and is an inverse function of the temperature [Weiss, 19741, and Ap is the difference between the CO2 partial pressure in the water (PCO,) and the CO2 partial pressure in the air (pC0,).
Using k expressed in centimeters per hour, S expressed in moles per liter per atmosphere, and Ap expressed in microatmospheres, patm, the final CO, flux formula that we will use for our calculation is
where F is given in millimoles per square meter per day.
For a given gas the exchange coefficient k is a function of the wind speed and of the temperature through the Schmidt number Sc dependency (Sc is the ratio of the kinematic viscosity of the water, v, to the molecular diffusivity of the gas, D). Table 1 gives some values of the Schmidt number for different gases at various temperatures.
Waniiinkkof et al. [1985] have recently run a gas exchange experiment by injecting sulfur hexafluoride (SF,) into Rockland Lake, New York, and then determining the variation in the evasion rate with wind speed over a 1-month period. SF, is a chemically and biologically nonreactive gas detectable by gas chromatography. The dashed line in Figure 1 shows the dependence of the SF, exchange coefficient with the wind speed for values smaller than 6 m s-', measured at 1-m height. The change of slope occuring at 2.8 m s-l has previously been observed in wind tunnel experiments [JÜhne et al., 1979: H . 4 . Broecker et al., 19781 . It corresponds to the change from the smooth surface regime, where the water surface behaves as a rigid wall, to the rough surface regime associated with the onset of capillary waves. The dashed line in Figure 1 is relative to wind speed values measured at 1-m height. In our calculations we will use FOCAL mean wind values from the Tourre et al. [1986] atlas, given at 10-m height. Using a drag coefficient CIO = 1.5 x lov3, we have U , , = 1.29U1, where U,, and U, are wind speeds at 10-m height and I-m height, respectively. From the results of Wannirtkhof et al. [198YJ valid for SF, at 10°C (i.e., for a Schmidt number equai to 1600) we will derive the expression of the transfer coefficient k valid for CO, at 20°C (i.e., for a Schmidt number equal to 600).
& $
This extrapolation is based on the knowledge that we have got either from models or wind tunnel experiments [Liss mid Merlivat, 19861. In the smooth surface regime the transfer coefficient k is proportional to the friction velocity u* and to [Deacon, 1977; J ü h e et al., 1979, 19841 [1984] . U , , = 13 ni s-' is identical to the value of the mean wind velocity at which the change of regime is observed both for CO, in the Hamburg wind tunnel and N,O (which has a solubility close to that of CO,) in the In summary, the dependence of the CO, exchange coefficient at 20°C (Sc = 600) on the wind speed measured at 10-m height (U,,) can be written as follows: The broad agreement between field data and computed ones makes us rather confident in bur approach to define the wind dependence of the CO, transfer coefficient.
Finally, we compute the dependence of the transfer coefficient on the temperature as the Schmidt numbers vary with the temperature.
To emphasize the relative importance of the wind speed and the temperature effects upon the exchange rate we consider the two extreme temperatures for the equatorial Atlantic, 20°C and 30°C: In the text we always refer to the seasons (summer or winter) of the northern hemisphere. Three regions of the tropical Atlantic Ocean were regularly sampled in a special "narrow-mesh net" manner (every 30 nautical miles in latitude) (for example, FOCAL 6 in Figure   3 ): (1) the 4"W meridian between 5"N and 5"S, (2) from 22"W to 23"W between 14"N and 5"S, and (3) the 35"W meridian between 5"N and 5"s (no sampling was made during FOCAL O). Some stations have been made along or near the equator at other longitudes. FOCAL O was a test cruise, and the 4"W and 22"W meridians were sampled during summer 1982 every 80 nautical miles.
For each station we have the following information (at 12 depths from the surface down to 500 m). Physical data include temperature and salinity. Chemical data include dissolved oxygen, nutrients, pH, total CO, concentration in water (E CO,), CO, partial pressure in the surface water (PCO, at 1-m depth, and CO, partial pressure in the atmosphere @CO,) at 10-m height above the sea surface.
We have calculated CO, fluxes for each station using the mean wind values computed during each FOCAL cruise given in the Tourre et al. [1986] atlas and our measured APCO, values (APCO, = CO, partial pressure in seawater (PCO,) minus CO, partial pressure in the atmosphere @CO,)). Fluxes are positive when the exchange takes place from the ocean to the atmosphere. All surface data are given in Table 2 .
In order to study the seasonal and interannual variability of our results, we have chosen to integrate the individual flux data for each station using a symmetrical north-south treatment. The temperature distributions along each meridian and the charts of the Atlantic equatorial current system from July 1982 to August 1984 make this treatment realistic [Hénin et al., 19861. In addition, the Equatorial Undercurrent is a permanent feature, always located near O" in latitude, allowing the equator to be considered as a real geographic axis. Figure   4 is a spatio-temporal representation of the data (Table 3) .
For the equatorial band (5"N-YS) along each meridian, the ocean is generally a source of CO, to the atmosphere in the north as well as in the south. For each meridian, the mean value of the CO, flux is always lower (and sometimes negative) in the north than in the south. Figure 4a shows that this effect is very strong in the east, along the 4"W meridian, where the flux in the 0"-5"N band is near zero. For the 22"W meridian, the flux for the 0"-5"N band is 13% of the total flux, while it is 37% along the 35"W meridian.
In the two latitude bands (0"-5"N and 0°-5"S) it appears that the escape of CO, increases strongly from the east to the west. This effect is noticeable for each cruise except FOCAL 8 for which the flux in the 0°-5"S band increases from 4"W to 22"W but then decreases by nearly 20% from 22"W to 35"W ( Figure 4b) . In order to discuss the flux variability, we study the relative importance of each of the following factors: wind speed, CO, partial pressure in atmosphere (PCO,), sea surface temperature SST, and CO, partial pressure in surface water (KO,).
Effect of Wind Speed
We have chosen to consider mean wind speed values integrated over about 1 month during each FOCAL cruise to smooth the local and temporary effects of the ship wind values , i obtained over 30 min. In this way we take into account the general steadiness of the trade winds in this area as well as the time constant of CO, exchange processes which are longer than a few hours.
Wind data have been provided by the European Center for Medium Range Weather Forecasts in Reading, England; they cover a 1.875" x 1.875" gridpoint system over the tropical Atlantic regions during FOCAL and have been processed and analyzed by Tourre et al. [1986] .
Along the equator, stations have been sampled every 7' in longitude. The distributions of CO, fluxes, APCO,, and mean wind speed along the equator are given in Figure 7 . One can note an interesting effect of the wind speed from FOCAL 6 results: for this cruise we obtain the greatest values for APCO, and the lowest values for wind speed. Thus we obtain intermediate flux values. On the other hand, for FOCAL 4 we obtain the highest values for CO,, and we observe the highest values of wind speed. This emphasizes the relative importance of the two terms, the wind speed (particularly for values of greater than 3.6 m s-') and APCO,, which gives the direction of the flux. Figure 8 clearly shows the seasonal distribution of $O2, smaller in winter than in summer (except for the 0"-14"N area at 2TW); variations with the season are very regular during the 1982-1984 period, as are the atmospheric pressure distributions over the equatorial Atlantic during this period, with high pressures in summer and low pressures in winter as were measured during the cruises. Figure 9 shows the temporal distribution of the C O , molar fraction jCO,, expresed in parts per million. The atmospheric pressure effect is then removed. We do not observe a significant increase i n K O , during the 1982-1984 period. On the average, the CO, concentration is always greater in the north than in the south.
CO, Partial Pressiire in Atmosphere pC0,
The meridional gradient of the atmospheric CO, concentration varies seasonally: the gradient is maximum during the boreal winter, when maximum concentrations occur in the northern hemisphere and minimum concentrations occur in the southern hemisphere.
The seasonal variability is about 3 ppm and is comparable to the data of Komhyr et al. For FOCAL 2 (January-February 1983) along the equatorial band, our pCOz values range from 330.6 patm to 334.6 patm. These results are consistent with the values reported by Smethie et al. [1985] ranging from 332 to 335 patm for the period November 1982 to February 1983.
We will see that these seasonal and interannual pCO, variations are small in comparison with the PCO, variations in surface sea water.
These last are mainly responsible for the APCO, variations. [Merle, 19781 . These oscillations are greater in the east (Gulf of Guinea) than in the west [Merle, 19801. During the cold season the temperatures are lower than the mean annual value. The cold season occurs from June to September, during the boreal summer. Figure 10 gives the interannual temperatures during summer and winter.
In many cases, low temperatures are associated with nutrient enrichments which characterize upwelling [Oudot, 19831. Some mechanisms have been formulated to explain the seasonal variations of the SST in the equatorial Atlantic area: (1) zonal advection of cold waters upwelled along the western African coast [W. S. Broecker et al., 19781, (2) 
vertical mixing between the South Equatorial Current and the Equatorial
Undercurrent [Voituriez, 1983a, b] , (3) equatorial upwelling due to the surface water divergence induced by the trade winds, and (4) thermocline oscillations due to the seasonal variations of the wind in the west Atlantic Ocean. Voituriez et al. [1982] explain by these last two phenomena the preponderant seasonal oscillation of SST at 4"W south of the equator. (Figure 11 ). In addition, we observe that the highest P C O , values are obtained for FOCAL 6 during a northern winter when it is known that equatorial upwelling is very weak or does not exist [Oudot, 1983; Voituriez, 1983a, b] . So, summer as well as winter P C O , data suggest that high CO, partial pressures in surface sea water are not the effect of the equatorial upwelling alone.
The other mechanism which must be involved to explain high PCO, values in seawater is the increase in temperature of the sea surface waters (responsible for the CO, solubility decrease). Table 4 indicates an increase of SST from the east to the west associated with the zonal advection of the eastern surface waters by the westward equatorial currents. Ocean. Meridional sections of temperature, salinity, nutrients, and total dissolved C O , concentration (E CO,) data allow to consider that the northern summer situations for the 0°-5"S area in the east (along the 4"W meridian) are situations where upwelling is active. For such situations we have plotted in Figure 12 the total dissolved CO, concentration versus the associated concentration of a nutrient, NO,, for depths ranging between 500 m and the surface [Broecker and Peng, 19821 . Assuming that A CO,' is due to the upwelling alone, we can compute the upwelling rate value following the method proposed by Broecker and Peng [1982] : where @ is the net CO, flux given in Table 3 .
DISCUSSION
On the 4"W meridian, in the 0"-5"S area for the summer situations, we obtain upwelling rates of 32 & 20, 6.5 & 1.5, and 5.8 0.8 m yr-I for FOCAL O, FOCAL 4, and FOCAL 8, respectively (Figure 12) . Qualitatively, these results are supported by the hydrographic and chemical data which indicate that the equatorial upwelling was less intense during the 1984 summer than during the former ones (C. Hénin and P. Hisard, personal communication, 1985) .
These evaluations can be compared with other reported values. From bomb radiocarbon data, W. S . obtain a value of 34-40 m yr-' (dqduced from an upwelling Aux of 17-20 Sv for the 15"N to 15"s area). On the basis of 14C data and hydrographic data, Wqnsch [1984] reports a value of 14-20 m yr-' (7-10 Sv for the 15"N to 15"s area).
I
The values of the upwelling rate that we have computed lie on the lower side of the range of variation of the data which are reported. Moreover, it must be pointed out that they have to be considered as upper limits if we want to extrapolate them to the entire equatorial belt, as they are based on obser- ?Calculated PCO, of sea surface water after warming during westward transport.
$Calculated PCOz of sea surface water after warming during westward transport, taking into account biological consumption of NO, -.
$Calculated after warming during transport from 4"w to 22"w. llCalculated after warming during transport from 22"W to 35"W.
vations made in the 0°-5"S area at 4"W, where the upwelling is the most important [Voituriez, V983a, b] .
Injluence of the warniing of the sea surface waters and of the biological consiiinptioii dirring their westward transport. We consider the FOCAL 4 cruise (northern summer, 1983) , in the 0°-5"S area. In such a situation we observe from 4"W to 35"W a regular increase of PCO, associated with a regular increase of the sea surface temperature. Moreover, the observed increase of the SST is associated with the South Equatorial Current responsible for the westward transport of the surface waters. Table 5 gives the respective mean values of the mea- for the temperature of the studied area [Broecker and Peng, 19821 and a mean CO, value of 2040 pmol kg-' for the entire band 0°-5"S. We neglect the salinity effect (no more than 1% increase in salinity values from 4"W to 35"W).
We observe that the calculated values ( We can hope that this kind of estimation from relatively sparse PCO, measurements in seawater might be useful in future, with well resolved observations (satellite, and hydrological monitoring) being used to establish estimates of the CO, flux for the whole ocean.
Our observations are in good agreement with the general scenario previously described by Snzetlzie et al. [1985] : in the equatorial Atlantic ocean the increasing PCO, in the west is explained by the warming of the sea surface waters which upwell in the eastern area and flow westward along the South Equatorial Current.
Combined efSects. The combined effects of the CO, enrichment from deep waters and of the sea surface temperature increase to explain high values in surface waters are well noticeable in the northern area of the 23"W meridian (SON to 14"N) (Figure 6 ). This zone is alternatively a sink zone of CO, for the atmosphere in winter and a source zone in summer. In winter, low SST (23°C for 14"N) is responsible for low PCO, values owing to the solubility effect. On the other hand, higher PCO, values in summer are explained by the intensification of the Guinea dome effect (the thermocline is very close to the surface in summer) between 12"N and 14"N. In addition, the seasonal warming of the sea surface waters increases the CO, partial pressure in surface waters.
FOCAL 6 (February 1984): A n Abilorinal Situation
Based on the wind distribution (Figure 13 ), the position of the Intertropical Convergence Zone [Tourre et al., 19861 , and the description of the equatorial currents [Hénin et al., 19861 , FOCAL 6 appears to be an abnormal situation indicating an Atlantic equatorial signal linked to the last EI Niño-Southern Oscillation (ENSO) event in the Pacific Ocean [Hisard, 1980; Merle, 1980; Gill aizd Rasmusson, 1983; Philailder, 19831. EI Niño situations are characterised by a low Southern Oscillation index, low trade winds, weak upwelling, and high SST [Bacastow et al., 1980; Koniliyr et al., 19851 . During the FOCAL 6 cruise, low trade wind values ( Figure 13 at 22"N and 35"N) were associated with a positive anomaly of the SST.
At 4"W the deepening of the 25°C and 20°C isotherms ( Figure  14) indicates that the heat content of the surface and subsurface waters was the largest during FOCAL 6.
On the other hand, we observe that these anomalies are correlated with large values of PCO, in the surface waters ( Figure 11 ) and low values of the nutrient content (mean value 11,754 ANDRIB ET AL. : TROPICAL ATLANTIC CO, FLUXES of 0.03 pmol L-' at 4"W) and thus with the absence of upwelling. Another abnormal feature is noticeable in the distribution of the atmospheric CO, molar fraction in the east (Figure 9 ): in the north, we observe during FOCAL 6 the maximal value of 347 ppm associated with the maximal SST of 28.6"C (Table  41. So if we refer to the observations proposed by several authors attributing CO, increases in the atmosphere to ENSO events [Bacastow, 1976 [Bacastow, , 1979 Machta et al., 1977; Bzlfton, 1984; Roos and Grauenhorst, 19841 , we can assume that during the northern winter 1983-1984 an El Niño type situation was present in the eastern equatorial Atlantic.
C O , Flux Data: Coinparison with Previous Measurements
The computed mean value of the flux between 5"N and 5"s for the 1982-1984 period is positive and equal to 1.05 mmol m-2 d-'. From historical data [Keeling and Waterman, 1968; Takaliashi et al., 19781, Roos and Grauenhorst [1984] compute a mean value of 0.56 mmol m-' d-' for the 0"-10"N area of the Atlantic Ocean (from summer 1963 to October 1972); this value is in good agreement with our mean value of 0.59 mmol m-' d-' for the 0"-5"N area [ Table 1 ). It is also interesting to compare our data with the recent results of Sinethie et al. [1985] .
Using a 24-hour mean shipboard wind and the individual radon piston velocities for each station, they calculate for the 28"W meridian between 5"N and 5"s a mean value of 3.5 mmol m-' d-' for February 1983. For the same period, . We obtain a mean value of 2.3 mmol m-' d-'. Anotber calculation using the same individual APCO, data, the mean wind speed value of the Tourre et al. [1986] atlas and the transfer coefficient given by line 2 gives a mean flux value of 1.85 mmol m-' d-'. This value is close to our mean data of 0.74 and 1.96 mmol m-, d -l on the 22"W and 35"W meridians, respectively, and is significantly lower than the results computed when individual radon transfer velocities are taken into account (dots 109, 112, 116,and 119inFigure 15). These calculations emphasize the difficulty in flux evaluation when using the ' "Rn deficit method. Figure 15 clearly shows that the variability in the results of direct Rn method is very high (maximum deviation of 57% of individual measurements versus the linear regression of line 1).
This may be related to the half response time of 2-3 days of the method and to the assumed stationarity and horizontal homogeneity of the distribution of radon in the water [Roether and Kromer, 19841. Thus it must be kept in mind that important problems in the COz flux evaluation are the exchange coefficient determination and the acquisition of representative wind and wave fields.
CONCLUSION
This work emphasizes the importance in the CO, flux computation of the exchange coefficient evaluation. We propose a general relationship between the transfer coefficient and the wind speed, in good agreement with reported field data.
The data of CO, partial pressure in the atmosphere and the surface seawater collected during the period July 1982 to August 1984 confirm that the Atlantic equatorialtbelt (SON to 5"s) is a source of CO, for the atmosphere (mean net flux of 1.05 mmol m-2 d-') all the year long. We make the following observations. 1. The escaping flux from the ocean is higher in the south than it is in the north, and it increases from the east to the west. Our data corroborate that the high PCO, values observed in surface seawater along the equatorial Atlantic Ocean are mainly due to the warming of the waters which upwell in the southeastern area and then flow westward following the South Equatorial Current.
2. The single area where the ocean is able to uptake some CO, from the atmosphere is the region located north of 10"N; this exchange occurs in winter. In February 1984 an abnormal situation occurs in the equatorial Atlantic Ocean.
3.
